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ABSTRACT
Glioma are the most common form of brain tumor and carry a particularly poor 
prognosis that has remained unchanged over the past two decades. Increased activity of 
large conductance voltage gated and calcium activated potassium channels (BK channels) 
have been associated with the characteristic invasiveness and proliferation of the disease. 
Previous work has shown that these channels are inhibited by acid-sensing ion channels 
(ASIC) at physiological pH (7.4) and that this inhibition is relieved at acidic pH (6.0) 
commonly found in tumors (Petroff et al. 2008, Petroff et al. 2012). Previous work in our 
lab has shown that that this regulatory mechanism is in place in primary glial cultures. 
Due to the role of BK channels in proliferation and migration we hypothesized that this 
regulatory mechanism may be lost in high grade glioblastoma multiforme. BK channel 
current was studied electrophysiologically and isolated pharmacologically in U87MG and 
U118MG glioblastoma multiforme cell lines. Our findings demonstrate that high grade 
glioma display a heterogeneous outward current profile. BK channels comprise a large 
part of the current but, unlike primary cultures of glial cells, are no longer regulated by 
changes in extracellular pH. The activation kinetics of the outward current in glioma is 
markedly slower than those of BK channel a-subunits alone suggesting that BK channels 
may be interacting with other proteins or regulatory subunits. Taken together this data 
suggests that BK channels regulation by ASIC is lost in late stage glioma.
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INTRODUCTION
Although less represented in the literature, glial cells comprise a substantial part 
of the central nervous system. In fact, their numbers roughly equal those of neurons when 
looking at the central nervous system (CNS) as a whole but can outnumber neurons by 
over 10 fold in certain brain regions (Herculano-Houzel 2014). Broadly, they are 
classified into the three functional classes of astrocytes, oligodendrocytes, and microglia. 
Oligodendrocytes facilitate the transmission of electrical signals by forming an insulating 
lipid-rich sheathe around axons in the CNS. Microglia act as resident macrophages in the 
CNS that is otherwise largely isolated from the immune system due to the presence of the 
blood-brain barrier. As the primary immunological cells of the CNS, they play a vital role 
in chemokine and cytokine signaling and removal of cellular debris. Astrocytes are 
largely involved in conditioning synapses, recycling neurotransmitters, and maintaining 
the proper ionic environment in order to maintain the extracellular environment for 
proper neuronal function. Importantly, in cases of severe trauma astrocytes can be 
activated in a process known as reactive gliosis that can result in both hypertrophy and 
astrocytic proliferation in order to fill the damaged region (Sofroniew 2009). This process 
must be tightly regulated in order to prevent the uncontrolled proliferation that can 
potentially result in gliomagenesis.
Gliomas are the most common form of malignant brain tumor and refer to any 
neoplasm stemming from a cell of glial or glial precursor origin. Among glioma, 
glioblastoma multiforme (WHO grade IV) are the most aggressive glial tumors 
accounting for 15.4% of gliomas with only 5% of patients surviving five years past 
diagnosis (Ostrom et al. 2014). Current treatment includes the combination of surgical 
resection, radiotherapy, and chemotherapy (Darefsky et al. 2012). Despite the recent
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introduction of more aggressive resections and novel chemotherapeutic agents this 
particularly poor prognosis has remained relatively unchanged since the 1980s (Darefsky 
et al. 2012, Deorah et al. 2006). The challenges in treating glioblastoma can be largely 
ascribed to their characteristic invasiveness, proliferative capacity, and heterogeneity 
(Vlashi et al. 2011). Further, the isolation of the CNS from the circulation by the blood- 
brain barrier provides an additional challenge for drug development. The lack of 
progress in treatment over the years highlights the necessity for a deeper understanding of 
the physiological processes underlying gliomagenesis and subsequent tumor progression.
Ion channels offer a particularly attractive target in drug design due to their 
accessibility from the extracellular space. Further, aberrant expression of ion channels 
has been well described in gliomas (Molenaar 2011 and Becchetti 2011) and ion 
channel expression profiles have proven to be a strong predictor of prognosis (Wang et 
al. 2015). Large-conductance voltage and calcium gated potassium channels (BK 
channel, MaxiK, Slol, Kcal.l) have received much attention in the progression of 
glioma. BK channels are homotetrameric potassium channels allosterically regulated by 
changes in intracellular calcium concentrations and membrane potential (Horrigan and 
Aldrich 2002). Healthy glial cells have been shown to express BK channels with 
suggested roles in potassium homeostasis and vasoregulation in response to neuronal 
activity (Girouard et al. 2010, Seidel et al. 2011, Newman 1986). Importantly, strong 
evidence suggests a role for these channels in proliferation and migration in various cell 
types (Urrego et al. 2014, Becchetti 2011, Bringmann et al. 1999, Molenaar 2011, 
Wondergem and Bartley 2009, Basrai et al. 2002, Steinle et al. 2011) although some 
contradictory results have been found (Kraft et al. 2003). Further, overactive splice
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variants with increased calcium sensitivity have been characterized in glioma (Liu et al. 
2002, Ransom and Sontheimer 2002, Weaver et al. 2004). Interestingly, the degree of 
BK channel expression has been found to correlate closely with tumor grade in a 
number of glioma cell lines suggesting that they may play a key role in tumor 
progression (Liu et al. 2002).
Acid-sensing ion channels (ASICs) are proton-activated voltage-insensitive 
sodium channels in the ENaC/DEG family of ion channels. Functional proteins assemble 
into homo and heterotrimers comprised of six unique subunits coded for in four genes: 
ASIC la, ASIC lb, ASIC2a, ASIC2b, ASIC3, and ASIC4 with highly variable activation 
parameters and kinetics based on subunit composition (Grunder and Chen 2010, 
Hesselager et al. 2004). Unique among membrane proteins detailed crystal structures 
have been made available of ASIC in the desensitized state as well as in toxin-bound 
open and closed states (Jasti et al. 2007, Baconguis and Gouaux 2012, Dawson et al. 
2012, Baconguis et al. 2014). Each subunit has two transmembrane helices with a large 
extracellular domain extending 100 A from the membrane and intracellular N and C 
termini (Figure 1). Interestingly, there is no continuous pore running through the three­
fold axis and cations are thought to enter through lateral fenestrations and accumulate 
within a large extracellular vestibule (Jasti et al. 2007, Grunder and Chen 2010). It is 
unsurprising that a number of protein-protein interactions have been shown for ASIC 
given this large extracellular domain (Petroff et al. 2008, Kapoor et al. 2009, Hruska- 
Hageman et al. 2002, Harding et al. 2014). ASIC-mediated acid evoked currents have 
been shown in both normal glial cells and malignant glioma although ASIC2 expression 








Figure 1: Location of toxin­
like domains in ASICla. The
structure of chicken ASICla as 
resolved by Jasti et al. at 1.9 A 
resolution PDB:2QTS. (2007). 
ASIC channels can be divided 
into six domains including the 
transmembrane (red), palm 
(yellow), knuckle (cyan), finger 
(magenta), thumb (blue), and p- 
ball (orange). The two toxin-like 
domains are indicated by the 
black boxes in the P-ball and 
palm regions.
Lin et al. 2010, Berdiev et al. 2003, Bubien et al. 2004). Similar to BK Channels, ASIC 
activity has been associated with higher grade glioma (Berdiev et al. 2003, Bubien et al. 
2004, Kapoor et al. 2009) and ASIC have also been reported to play roles in both 
proliferation and migration in malignant and normal cells. (Rooj et al. 2012, Ross et al. 
2007, Grifoni et al. 2008). 
v. ASIC-BK interaction
There is considerable evidence for functional redundancy between ASIC and BK 
channels in gliomas. This can potentially be explained by a functional coupling of the 
two channels. Indeed, previous studies have shown a direct interaction allowing ASIC
activity to regulate that of BK channels when co-expressed in model cells and 
endogenously in neurons. Interestingly, two regions conserved among ASIC isoforms 
contain toxin-like motifs resembling residues vital towards the interaction of a-KTx 
family potassium channel toxins with BK channels (Figure 1) (Gao and Garcia 2003, 
Miller 1995). Functional studies suggests that one of these regions directly occlude the 
channel pore under physiological pH and that this inhibition is relieved in transient or 
sustained reductions in extracellular pH sufficient for ASIC activation (Petroff et al.
2008, Petroff et al. 2012). This interaction introduces a novel regulatory mechanism for 
BK channel activity based on extracellular pH. Interestingly, previous research had 
shown that BK channels alone are sensitive to changes in intracellular pH but not 
extracellular pH in the absence of ASIC (Hou et al. 2008, Avdonin et al. 2003). A model 
considering reciprocal regulation in a BK-ASIC channel complex is particularly attractive 
as a potential mechanism for regulation of gliomas. It has been well established that the 
shift in the metabolism of tumor cells produces a highly acidified extracellular 
environment sufficient for activation of ASIC (Vlashi et al. 2011). Further, growth data 
performed in our lab has shown a BK-dependent increase in primary glial cell 
proliferation when exposed to low pH despite BK channels not being inherently sensitive 
to extracellular protons. Surprisingly, when similar experiments were extended to 
transformed glioma cell lines the results varied between cell lines. This can likely be 
attributed to the characteristic heterogeneity of glioma but highlights the need for more 
detailed studies of glioma channel profiles. In order to understand the physiological 
determinants of this varied response it is important to characterize the activity of both BK 
channels and ASIC when interpreting growth and migration data.
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Patch clamping allows for the explicit measurement of ion channel activity and is 
among the most commonly used methods to study ion channel function. Ion channels 
allow for the movement of charged particles across the plasma membrane following their 
electrochemical gradient where they would otherwise be selectively excluded from 
membrane transport due to their charged character. The movement of these particles can 
be seen as changes in current. The direction of the current is dependent on the charge of 
the ion being moved and the direction of its movement. Based on the relative 
concentrations of each ion in the intracellular and extracellular space they possess a 
characteristic reversal potential. This is the potential at which the direction of movement 
of that particular ion switches from inward to outward vice versa. Depending on the 
method being employed single channel opening events or macroscopic currents can be 
studied across the entirety of the cell or a portion of the membrane.
In this set of experiments whole-cell patch clamping was employed. Whole-cell 
patch clamp recording allows for electrical access to the cytosolic side of the cell. Access 
is achieved by first forming a high resistance gigaohm seal with the membrane (Figure 
2A). Upon seal formation the pipette potential is adjusted to an adequately negative 
potential reflecting the normal electrical environment of the cell of interest. At this point 
negative pressure is applied in order to puncture the cell membrane, making the cytosol 
accessible to the pipette solution. This allows for measurement of ion channel activity 
across the entirety of the cell in response to square voltage pulses. The equivalent circuit 
is depicted in Figure 2B. A solution resembling the ionic concentrations in the cytoplasm 
is used to fill the patch pipette. At this point the cytoplasm is quickly washed out with the 
contents of the pipette solution. While this configuration allows for the explicit control of
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the ionic contents of the cytoplasmic side of the cell it comes with the disadvantage of 
washing out soluble secondary messengers. Altering the ionic gradient is particularly 
useful in manipulation of the reversal potential of particular ions. By altering the reversal 
potential it is possible to differentiate ionic contributions to observed currents. This may 
be necessary, for instance, in the case of chloride and potassium which often have 
physiological reversal potentials near one another. This technique proves particularly 
useful in studying the effects of compounds applied extracellularly on ion channel 
function.
Figure 2: Whole-cell patch clamping 
configuration. (A) U87MG glioma cell in whole­
cell patch clamp configuration. (B) Ideal circuit for 
whole cell patch clamping configuration.
Although electrochemical manipulation of a system can be used to differentiate 
the contributions of various ionic species contributions of different ion channels 
transporting the same species require other approaches. High-affinity blockers are often 
employed when they have been characterized for the channel of interest. Iberiotoxin 
(IbTx) is a potent and selective blocker of BK channels initially isolated from the venom 
of the scorpion, Buthus famulus. It is a 37 amino acid peptide showing 68% sequence
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identity with another a-KTX family potassium channel blocker Charybdotoxinv (ChTx) 
(Galvez et al. 1990). However, unlike ChTx, IbTx shows a high specificity for BK 
Channels over voltage-gated potassium channels (Kv Channels) as indicated by a > 6.5 
kcal/mol difference in binding energy largely attributable to three additional negatively 
charged residues (Giangiacomo et al. 2004, Giangiacomo et al. 2007). Competition 
assays with the well-characterized pore blocker tetraethylammomium (TEA) revealed 
direct occlusion of the ion conduction pathway as the mechanism of BK channel 
regulation (Candia et al. 1992, Giangiacomo et al. 1992). This blockade coincides with 
the suggested mechanism of BK Channel regulation by ASIC offering the opportunity to 
selectively study the interaction between both channels using a combination of 
pharmacology and electrophysiology (Petroff et al. 2008).
MATERIALS AND METHODS
Cell Culture:
The human derived glioblastoma cell lines U87MG and U118MG were ordered 
from ATCC and cultured in Ham’s DMEM FI2 1:1 media with 10% FBS. HEK293 cells 
stably transfected with BK a-subunits (Korovkina et al. 2004) were cultured using Ham’s 
DMEM FI2 1:1 media with 10% FBS and 0.05 mg/mL G418 sulfate. The cells were 
passaged in 75 cm2 cell culture flasks at 37 °C and 5% CO2 corresponding to a pH of 
~7.4. Prior to electrophysiological measurement the cells were plated in 10 cm2 dishes.
Electrophysiology:
The normal extracellular patching solution consisted of 5 mM KC1, 140 mM 
NaCl, 1.2 mM MgSCU, 1.8 mM CaCh, 10 mM HEPES, and 11 mM glucose. The final 
osmolarity was ~ 320 mOsm and pH was adjusted to a final value of 7.4 using NaOH.
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Low pH (6.0) solution was prepared using the same ionic concentrations and an 
additional 10 mM MES as a low pH buffer. Intracellular solutions consisted of 130 mM 
K-gluconic acid, 5 mM NaCl, 8 mM Mg2ATP, 10 mM HEPES, and 5 mM EGTA. The 
final osmolarity was -310 mOsm and the pH was adjusted to 7.4 with KOH. When noted 
3 mM CaCh was added in order to achieve an intracellular concentration of free calcium 
of approximately 300 nM. This was found to be necessary in order to shift the voltage of 
BK channel activation towards voltages achievable in the whole-cell configuration. Free 
calcium concentration was calculated using the MaxChelator (Bers 1994) software 
package at room temperature.
Whole-cell voltage clamp was performed on cells from each cell line. Pipettes 
were pulled using a P-87 horizontal puller (Sutter Instruments) and polished using a 
microforge (Narashige) to a final resistance of 2 - 5 Mohms. Individual cells were 
selected such that they lacked physical contact with nearby cells in order to reduce 
potential space clamping issues. Upon formation of a gigaseal brief pulses of negative 
pressure were applied in order to enter the whole-cell configuration. Only those cells 
maintaining > 1 Gohm membrane seal resistance upon breakthrough were used for 
subsequent experiments. Further, only cells that maintained a stable access resistance of < 
10 Mohm were used in subsequent data analysis. Currents were recorded using the 
Multiclamp 700B and digitized with a Digidata 1440 digitizer (Molecular Devices). A 
voltage step protocol was applied holding the cells at -60 mV and applying incremental 
voltage steps (AV=20 mV) from -100 to 100 mV unless otherwise noted. Series 
resistance compensation (60%) was applied to all. Solution exchanges were performed 
manually by slow perfusion of low pH or toxin containing extracellular solutions.
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Leak subtraction was applied offline following Equation 1.
Equation 1:
ICorrected =  +  ( / .100 _  x ^
The leak current was assumed to be ohmic and the current difference at -100 mV 
(7-ioo) and -80 mV (/-so) was assumed to be sufficiently negative to avoid activating 
voltage gated channels. The current difference between these two voltage steps was used 
to calculate the leak current at any subsequent step. Vn denotes the specific voltage step 
and Vw denotes the holding potential of -60 mV in all cases.
Data analysis was performed in the R statistical environment (R Core Team 2016) 
and figures were constructed using the ggplot2 package (Wickham 2009). Protein 
visualization was performed using the UCSF Chimera software package (Pettersen 2004).
RESULTS
Low pH  has no effect on BK channel a  subunit current or activation kinetics.
In order to compare the effects of pH on glioma cell lines initial experiments were 
performed on HEK293 cells stably transfected with the BK channel a  subunit. This 
model allowed for the virtual isolation of BK channels as opposed to glioma cells that 
likely express a diverse repertoire of ion channels. The application of acidic extracellular 
pH (6.0) showed no significant effects on BK channel current-voltage (IV) relationship 
relative to normal physiological pH (7.4) (Figure 3).
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A pH 7.4 pH 6.0
B
Figure 3. Effect of pH on BKa current. (A) Representative traces from 
HEK293 cells stably transfected with BKa subunits at pH 7.4 
(physiological) and pH 6.0 are shown. (B) The current voltage relationship 
for BKa current at pH 7.4 (blue) and pH 6.0 (red) (n=l 1) is shown. Current 
is expressed as current density in order to normalize for the size of each 
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Figure 4. Activation Kinetics of BKa in Normal and Acidic pH. The
above figure shows the activation kinetics for the outward current 
activation kinetics in HEK293 cells stably transfected with the BK channel 
a  subunit. Traces were acquired from 100 mV voltage steps at pH 7.4 
(blue) and pH 6.0 (red). SEM is indicated in light gray and dark gray for 
each respective pH. The current is displayed as fractional activation of the 
final steady-state current taken as the average current over the final 50 ms 
of the voltage step.
Further, activation kinetics showed no pH dependent changes (Figure 4). The 
kinetics were normalized by looking at fractional activation relative to steady state 
current at a voltage step of 100 mV. The steady state current was acquired as the average 
current trace over the course of a 50 ms interval towards the end of the voltage step.
Glioma are a heterogeneous population o f cells expressing a diverse set o f channels.
Patched cells from the glioblastoma multiforme (WHO grade IV) tumor cell line
U87MG showed a diverse set of currents in response to an episodic voltage step protocol. 
Figure 5 highlights a number of the current traces encountered. These responses often
18
A B
Figure 5. Representative Current Responses of U87MG Cells to an Episodic 
Voltage Step Protocol. The figures above depict the wide array of current responses 
observed in a single cell-line of glioblastoma multiforme cells in response to a voltage 
step protocol. (A) Some cells exhibited a large outward current with fast activation 
kinetics. (B) Other cells showed multicomponent responses to voltage step protocols 
with an inactivating current at lower voltages followed by a larger outward current at 
higher voltages. (C) In one case a small inward current was seen. (D) More often, 
inactivating currents were seen in many of the observed cells.
included inactivating currents (Figure 5D), large outward currents with fast activation 
kinetics (Figure 5A), and in a single occasion an inward current was seen (Figure 5C). 
Interestingly, oftentimes an inactivating outward current was seen at low voltages giving 
way to a larger sustained outward current at higher voltages (Figure 5B). In the majority 
of cases only modest currents were observed upon voltage steps up to 100 mV.
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Figure 6. (previous page) Current Response to pH and Toxin Application in U87MG 
Glioma Cells. (A) Representative current traces from a single U87MG cell in response to 
both pH 7.4 and 6.0 with and without IbTx application during a voltage step protocol 
from -100 mV to 100 mV with 20 mV increments. (B) Current responses of the same cell 
when the voltage step protocol was extended to 140 mV. (C) Current density (pA/pF) in 
response to a voltage step protocol in a U87MG cell. The error bars indicate standard 
deviation for the single cell. Blue circles, blue triangles, red circles, and red triangles 
depict the IV relation for pH 7.4 control, pH 7.4 with IbTx, pH 6.0 control, and pH 6.0 
with IbTx respectively. Only both pH 6.0 conditions were exposed to an extended voltage 
step protocol to 140 mV.
U87MG display Iberio toxin and pH  sensitive current.
Among the two glioblastoma multiforme cell lines tested was U87MG. 
Representative current responses (Figure 5A) show modest outward currents at voltage 
steps up to 100 mV. Interestingly, at low extracellular pH (6.0) an inactivating current 
becomes apparent in the current trace while the sustained current seen later in the trace 
appears to be relatively unchanged. Both the inactivating current and a large portion of 
the sustained current appear to be abolished upon treatment with iberiotoxin. Since 
current responses were modest, during the pH 6.0 treatment the voltage step protocol was 
increased to step up to 140 mV (Figure 6B). At higher voltages a large outward current 
appears that is partially iberiotoxin sensitive. The current-voltage relationship under 
these various conditions reflects the presence of outward currents that activate at two 
independent voltages in the simplest case (Figure 6C). At lower voltages an inactivating 
current appears that is more prominent at low pH (Figure 6C inset) and at high voltages a 
large sustained outward current appears. Both currents appear to be at least partially 
iberiotoxin sensitive suggesting that BK channels contribute. It should be noted that the 








Figure 7. Current Response to pH and Toxin Application in U118MG Glioma Cells.
(A) Representative current traces from a single U 118MG cell in response to both pH 7.4 
and 6.0. The current trace for pH 6.0 after the application of charybdotoxin is also 
shown. (B) Current density (pA/pF) in response to a voltage step protocol in a U118MG 
cell. The error bars indicate standard deviation for a single cell. Blue circles, red circles, 
and red triangles depict the IV relation for pH 7.4 control, pH 6.0 control, and pH 6.0 
after the application of charybdotoxin respectively.
voltage step after most inactivating currents are eliminated. It would be expected that if 
taken earlier during the voltage step protocol the contribution of the inactivating current
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towards the total outward current would be far more prominent. This experiment was 
performed in the presence of ~300 nM intracellular free Ca2+.
U118MG displays Charybdotoxin sensitive but pH  insensitive current.
Unlike in U87MG, the glioblastoma multiforme derived cell line U118MG did 
not display inactivating currents upon application of low pH. A representative cell 
showing large outward current is depicted in Figure 7. The current itself appeared to be 
almost entirely abolished upon application of the less specific potassium channel blocker 
charybdotoxin. This can be seen in both the representative traces and the current-voltage 
relation. This voltage step protocol was performed with 0 Ca2+ intracellular solution.
U87MG and U118MG show markedly slower activation kinetics than BKa alone.
When the activation kinetics are compared between cells from each of the 
glioblastoma cell lines and BKa alone marked differences are observed (Figure 8). At pH 
7.4 both glioma cell lines show slow activation kinetics when compared to 
BKa. Notably, the cell obtained from the U87MG cell line shows a sharp change in 
activation kinetics upon application of low pH (6.0) solution.-The current reaches steady 
state levels significantly faster than BKa alone. Further, the current overshoots steady- 
state levels and gradually declines highlighting the presence of inactivating current early 
in the trace. This pH-dependent change in activation kinetics is completely absent in 
U118MG cells. Upon applying low pH solution there was no significant change in 
activation kinetics for the U118MG cell monitored and the activation kinetics remained 
significantly slower than those in BKa alone.
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U87MG U118MG
Figure 8. Activation Kinetics of U118MG and U87MG at Normal and Acidic pH.
The above figure shows the activation kinetics for the outward current activation kinetics 
in a cell obtained from the U87MG (left) and U118MG (right) cell lines. Traces were 
acquired from 100 mV voltage steps at pH 7.4 (blue) and pH 6.0 (red). The standard 
deviation in light gray and dark gray for each respective pH. The current is displayed as 
fractional activation of the final steady-state current taken as the average current over the 
final 50 ms of the voltage step. For reference the average BKa activation kinetics are 
displayed as a black trace.
DISCUSSION
Both primary astrocytes and malignant glioma have been shown to express ASIC 
and BK (Girouard et al. 2010, Seidel et al. 2011, Newman 1986, Liu et al. 2002, Ransom 
and Sontheimer 2001, Weaver et al. 2004, Huang et al. 2010, Feldman et al. 2008, Lin et 
al. 2010, Berdiev et al. 2003, Bubien et al. 2004). Interestingly, BK channel expression 
and ASIC 1 a activity have been shown to increase with higher tumor grade (Berdiev et al. 
2003, Bubien et al. 2004, Kapoor et al. 2009, Liu et al 2002). Conversely, ASIC2 surface 
expression, which requires a much lower pH of activation (pHo 5 ~4.9) is reduced in 
higher grade glioma (Vila-Carriles et al. 2006, Glitsch 2011). Taken together this
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suggests a selective pressure during gliomagenesis for increased expression of ASIC la 
and BK channels coinciding with reduced surface transport of the ASIC2 isoforms.
Similar to other solid tumors it is well understood that glioma experience a highly 
acidified extracellular pH resulting from adaptations to their hypoxic environment and 
increased glucose metabolism. This acidification has been shown to drop to a pH as low 
as 5.6 and may serve as a cue for maintenance of the tumor stem cell phenotype 
(Hjelmland et al. 2011, Gerweck and Seetharaman 1996, Lindner and Raghavan 2009, 
Chiche et al. 2010). This is more than sufficient for strong constitutive activation of 
ASIC la but may not be sufficient for significant activation of ASIC2. Both ASIC la and 
ASIC2 were shown to be capable of inhibiting BK channel current in HEK293 cells 
(Petroff et al. 2008). It was thus hypothesized that disinhibition of the ASIC-BK 
relationship may be an important mechanism underlying tumor progression. In 
order to address this hypothesis the potassium channel current was characterized in two 
glioblastoma multiforme cell lines (U118MG and U87MG) and compared to data 
obtained from BK channel a-subunits expressed alone in HEK293 cells. Both cell lines 
showed voltage-dependent outward current that was at least partially comprised of 
potassium channel activity due to their sensitivity to iberiotoxin and charybdotoxin 
respectively.
The outward current observed in various cells was highly heterogeneous across 
both cell lines. The majority of gliobastoma appear as primary tumors however they can 
also progress as secondary tumors from oligodendrocytic and astrocytic precursors 
(Ohgaki and Kleihues 2013). The final tumor can result from any number of these 
precursor cells, the origin of which become particularly challenging to identify as
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surrounding cells are recruited to the tumor and high-grade glioma cells acquire plasticity 
(Vlashi et al. 2011, Liu et al. 2011). Due to the heterogeneity of the cellular population an 
equally diverse current response is unsurprising.
Most cells observed showed modest outward current when depolarized up to 100 
mV. It should be addressed that the majority of experiments were performed at low 
intracellular Ca2+. This is primarily due to the challenges of maintaining whole-cell 
configuration in the presence of large concentrations of free divalent cations that promote 
membrane resealing. Glioma have been shown to primarily express a BK channel 
isoform with heightened calcium sensitivity. In the absence of intracellular calcium these 
channels were found to have a Vo s o f—135 mV (Ransom and Sontheimer 2001). This 
seems like a likely explanation for the modest IbTx sensitive currents seen at voltages 
steps up to 100 mV. It is likely that BK channel activation was minimal at these voltage 
steps in many of the cells observed. Increasing the voltage step protocol to 140 mV 
resulted in the appearance of a more substantial IbTx sensitive current in the U87MG 
cell. The remainder of the current may be due to the activation of other voltage gated K+ 
channels. The observation in U118MG cells that the majority of voltage activated current 
was abolished upon treatment with the less selective Kv channel blocker ChTx suggests 
this may likely be the case. A contribution from voltage-gated chloride channels cannot 
be ruled out. Along with BK channels, the voltage gated chloride channel CIC3 has 
received much attention regarding volume regulation and migration in glioma and 
provides another potential candidate comprising the IbTx insensitive outward current 
(Molenaar 2011, Soroceanu et al. 1999). It would be interesting to differentiate the 
components of the remainder of the outward current using ion substitution or a less
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specific potassium channel blocker such as TEA in order to determine the relative ionic 
contributions.
Strikingly, in U87MG cells, an inactivating current appeared upon application if 
IbTx at pH 7.4 that was absent prior to application. This current was potentiated upon 
application of pH 6.0 solution and appeared to be blocked substantially when IbTx was 
applied at low pH. BK channel a-subunits do not normally show current inactivation 
although interaction with P2 and p3 subunits have been shown to confer N-type 
inactivation to BK channels (Brenner at al. 2000, Uebele et al. 2000, Xia et al. 1999). In 
normal brain tissue p-subunit expression is typically low (Tseng-Crank et al. 1996) 
however it has been shown that glioma may express higher levels of p-subunit expression 
due to increased sensitivity to the herbal alkaloid tetrandine (Dworetzky et al. 1996, 
Ransom and Sontheimer 2001, Wang et al. 2004).
Alternatively, this inactivating current may be conferred by Kv channels such as 
Kv 1.3 or Kv 1.5. Similar to BK channels, both Kv 1.3 and Kv 1.5 are expressed in normal 
glia and in the case of Kv 1.5 expression levels appeared to increase with higher 
malignancy (Preussat et al. 2003, Glitsch 2011). Although their role in glioma are unclear 
Kv 1.3 channel inhibition and knockdown has been shown to significantly decrease tumor 
proliferation and volume in vivo for lung adenocarcinomas and in vitro for breast cancer 
cell lines (Jang et al. 2009, Jang et al. 2010, Becchetti 2011). Interestingly, ASIC have 
been shown to inhibit Kv 1.3 channels similar to BK channels when co-expressed in 
HEK293 cells (Petroff et al. 2008). This suggests that the two proposed explanations may 
not necessarily be mutually exclusive.
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The appearance of this current upon toxin application, subsequent potentiation by 
low pH, followed by almost complete blockade upon reapplication of toxin at low pH is 
however paradoxical. This can potentially be explained by a mechanism whereby at high 
pH the toxin is able to displace ASIC however is prevented from occluding the channel 
due to steric hindrance by the ASIC extracellular domain that is relieved by a reduction in 
pH and subsequent activation of ASIC. Indeed, it has been shown that the extracellular 
domain of ASIC undergoes dramatic conformational changes during activation 
(Bonifacio et al. 2013, Yang et al. 2009, Yokokawa et al. 2010). Importantly, previous 
work in our lab has suggested that a small peptide resembling the interacting domain of 
a-K toxins is in fact capable of displacing ASIC without the necessary charged residues 
for BK channel occlusion (Guercio 2012) supporting the proposed model.
Further evidence for each of the previously described mechanisms are given by 
the activation kinetics in the glioma cell lines relative to the BK a-subunit alone. It has 
been shown that interaction with p-subunits can alter BK channel kinetics as well as 
modulate voltage and calcium sensitivity (Cox and Aldrich 2000, Xia et al. 1999, Wang 
et al. 2015, Wang et al. 2004). Consistent with these findings, our results suggest that 
both U87MG and U118MG show slowed activation kinetics when compared with BKa 
alone. Strikingly, the U118MG cell showed no change in activation kinetics upon 
reduction of extracellular pH. Contrastingly, a sharp current with fast activation kinetics 
is seen in the U87MG cell that inactivates to near steady state levels. It should be noted 
that the U 118MG was patched with low extracellular calcium and the U87MG cell was 
patched with an estimated 300 nM free intracellular calcium which may account for the 
observed differences.
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Neither the U87MG nor the U118MG cell observed showed significant increases 
in outward current upon application of an acidic extracellular solution. In fact, both IV 
traces seem to suggest that there may be a slight reduction in outward current. A number 
of K+ channels are inhibited by extracellular pH and may collectively contribute to part of 
the iberiotoxin insensitive outward current including both K,r channels, K.2P channels, and 
Kv 1.5 (Holzer 2009, Glitsch 2011). Conversely, Kv 1.3 currents, although lower in 
magnitude in the presence of low extracellular pH, are potentiated by slowed inactivation 
kinetics (Somodi et al. 2004).
The lack of increase in BK channel current upon application of low pH solution 
suggests that either ASIC are unable to interact with and inhibit BK channels in glioma or 
that the conditions were insufficient to relieve blockade. The prior may be the case if BK 
channels are largely in macromolecular complexes with p-subunits. Although the exact 
interaction between the BK a-subunits and p-subunits are poorly defined it is believed 
that they interact with the channel near the interface between a-subunits (Hoshi et al 
2013). Further, some auxiliary subunits are capable of altering toxin occlusion of the 
channel by preventing access to pore (Meera et al. 2000). Taken together, these 
interactions would likely compete with the regulation of BK channels by ASIC.
It has also been shown that ASIC1 may form heteromultimeric channel 
complexes with aENaC and yENaC that are constitutively active in high grade glioma 
(Rooj et al. 2012, Berdiev et al. 2003, Vila-Carriles et al. 2006, Ross et al. 2007, Kapoor 
et al. 2009). These complexes may sequester the available ASIC population and be 
incapable of interacting with BK channels altogether. Alternatively, the heteromultimer
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may alter the pH dependence of the ASIC subunit involved in mediating the 
conformational changes necessary to regulate an interaction with BK subunits. It is 
notable that among the cell lines used in the characterization of this channel complex was 
the U87MG glioblastoma cell line used in this study.
Previous work in our lab highlighted the role of pH in the proliferation of normal 
glial cells in a manner dependent on ASIC-BK interaction. In contrast, the current 
findings highlight that in late stage malignancies this regulation appears to be lost. This 
work compliments parallel work in the lab showing a lack of effect for pH on the 
migration and proliferation (Springer 2015, CTKoren 2016) of these particular cell lines 
in keeping with the paradigm of an ASIC-BK interaction. The latter findings in particular 
have been supported by other groups for both U118MG and U87MG (Hjelmeland et al. 
2011). It would be interesting to see at what stage of tumor progression this interactions 
is lost. Our future studies would seek to characterize these currents in lower grade tumors 
and further dissect the contributing channels both pharmacologically and 
electrophysiologically in order to compliment the functional studies that have already 
been performed. Ultimately, this knowledge may provide a molecular basis for the 
particular invasiveness and proliferative capacity of glioma offering a new avenue for 
regulation and potential therapeutics.
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